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Abstract
An unusual county-wide excess of childhood cancers of brain and other nervous
tissue in the late 1990s in St Lucie County, Florida, prompted the Florida
Department of Health to conduct a case–control study within the county
assessing residential chemical exposures. No clear associations were found,
but claims were then made that the release of radioactive substances such as
strontium 90 from the St Lucie nuclear power station, which began operating
in 1976, might have played a role. To test the plausibility of this hypothesis,
we extended by 17 years a previous study of county mortality conducted by the
National Cancer Institute. Rates of total cancer, leukaemia and cancer of brain
and other nervous tissue in children and across all ages in St Lucie County
were evaluated with respect to the years before and after the nuclear power
station began operation and contrasted with rates in two similar counties in
Florida (Polk and Volusia). Over the prolonged period 1950–2000, no unusual
patterns of childhood cancer mortality were found for St Lucie County as a
whole. In particular, no unusual patterns of childhood cancer mortality were
seen in relation to the start-up of the St Lucie nuclear power station in 1976.
Further, there were no significant differences in mortality between the study and
comparison counties for any cancer in the time period after the power station
was in operation. Relative rates for all childhood cancers and for childhood
leukaemia were higher before the nuclear facility began operating than after,
while rates of brain and other nervous tissue cancer were slightly lower in
St Lucie County than in the two comparison counties for both time periods.
Although definitive conclusions cannot be drawn from descriptive studies, these
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data provide no support for the hypothesis that the operation of the St Lucie
nuclear power station has adversely affected the cancer mortality experience of
county residents.

1. Introduction

From time to time, reports of clusters of cancer cases raise concern over possible excessive
exposure to environmental or industrial toxins. An apparent county-wide increase in childhood
cancers of brain and other nervous tissue in St Lucie County, Florida (15 cases over the
3 year period 1995–97; expected incidence 3.7 cases) prompted the Florida Department of
Health (FDOH) and the Agency for Toxic Substances and Disease Registry to conduct a
case–control investigation to learn whether a wide range of chemicals might be associated
with the occurrence of such cancers (FDOH 2001, ATSDR 1998). Cases selected for study
were children under the age of 20 diagnosed with brain and other nervous tissue cancers over
the years 1981–97 in St Lucie County (29 cases in all). Fifteen controls were selected and
measurements for chemical exposure were made in the homes of cases and controls. None of the
over 500 chemicals evaluated was linked to the occurrence of childhood cancer. Subsequently,
it was purported that the St Lucie nuclear power station, which began operation in 1976, might
be causally related to the occurrence of these childhood malignancies, conceivably from the
radioactive strontium and other radionuclides released during operation (Mark 2003, Mangano
et al 2003). To test the plausibility of this hypothesis, we extended by 17 years a previous
study of mortality in counties with nuclear facilities conducted by the National Cancer Institute
(NCI) (Jablon et al 1990, 1991). We calculated rates of childhood and adult cancer, leukaemia
and cancer of the brain and other nervous tissue in St Lucie County with respect to the years
before and after the nuclear power station began operation and compared them with rates in
similar counties in Florida.

2. Methods

The same methodology, computer programs and databases as used in the earlier NCI
investigation (Jablon et al 1990) were extended for use in this St Lucie County mortality survey.
Similar methodologic approaches also have been used to evaluate cancer risk in communities
living in areas of increased radiation from mining, milling and uranium processing operations
(Boice et al 2003a, 2003b).

2.1. Cancers considered for study

Because of the reports of possible elevations of childhood cancers in St Lucie County, cancers
occurring under the age of 20 were selected for study with special emphasis on leukaemia and
cancer of the brain and other nervous tissue. Neuroblastoma, a cancer arising from sympathetic
nervous tissue, is also included within the combined brain and other parts of the nervous system
category (ICD8 191, 192). For completeness, we also assessed rates of these cancers across
all ages.

2.2. Mortality data

Cancer mortality data for all counties in the state of Florida were available from the NCI for
the years 1950–2000 (NCI 2003). Counties are the smallest areas for which both population
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Table 1. Demographic and socioeconomic characteristics of St Lucie and the two comparison
counties (Polk, Volusia) in Florida from 1990 census data (USDC 1992).

Per centa

Total Popn HS Age Age Below Med HH
County persons density Male White Rural grad+ <18 65+ Employed poverty income ($)

Study county
St Lucie 150 171 262.3 48.8 81.8 7.9 71.0 23.2 21.2 51.7 12.8 27 710

Selected
comparison counties

Polk 405 382 216.2 48.4 84.4 29.7 67.6 24.1 18.6 54.0 12.6 25 216
Volusia 370 712 335.2 48.4 88.7 16.1 75.5 19.7 22.8 51.0 11.8 24 818

Both comparison 776 094 260.4 48.4 86.5 23.2 71.5 22.0 20.6 12.2 25 028
counties
State of Florida 12 937 926 239.6 48.3 83.1 15.2 74.3 22.1 18.3 57.0 12.4 27 483

a HS grad denotes high school graduate; Med HH income denotes median household income; Popn density denotes
population density in persons per square mile.

estimates and annual counts of the number of deaths for specific causes are readily available
back to 1950 from the National Center for Health Statistics and the US Census Bureau
(NCI 2003).

2.3. Selection of study and comparison counties

The study county, St Lucie County, is located on the east coast of Florida, south of Cape
Canaveral. Over 180 000 people live in St Lucie County today, but the population has increased
over the years from in migration. In 1950, the population was only 21 000. Port St Lucie is the
largest city with a population of about 80000 residents. To select counties for comparison, 1990
Census Bureau demographic data on ten socioeconomic variables were obtained for St Lucie
County and for all other counties in Florida (USDC 1992). The variables included population
density (total persons divided by county area), percentage male, percentage white, percentage
rural, percentage high school graduate, percentage under the age of 18 years, percentage over
the age of 64 years, percentage employed, percentage below poverty and median household
income. For each demographic characteristic, all 67 counties within the state of Florida were
ranked 1–67 according to how similar the demographic value was to that of St Lucie County.
The scores for each demographic characteristic were then summed for each county. Polk and
Volusia Counties had the lowest scores, i.e., had characteristics closest to those of St Lucie
County, and were selected as comparison counties (table 1, figure 1). The determination of a
socioeconomic score based on area-level characteristics is similar to that done in other studies
(Steenland et al 2004). Data on diet, smoking and other potential cancer risk factors are not
readily available at the county level, but choosing comparison counties from the same region
as the study county helps minimise differences in these and other factors.

In 1990, the total numbers of residents within St Lucie and the two comparison counties
were 150 171 and 776 094, respectively (table 1). The comparison counties were similar to
the study counties with regard to demographic indicators of cancer risk such as age, race and
various measures of socioeconomic status. The majority of the population studied was white
(over 82%); 22–23% of the county residents were under age 18 years; 21% were older than
64 years; over 71% had graduated from high school; and 52% were employed. The median
household income in 1990, about $25 000 to $28 000 per year, was also similar between the
study and comparison county populations. Comparison counties were more rural (23% versus
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232 J D Boice Jr et al

Figure 1. County map of Florida state indicating the study county (St Lucie) with the nuclear
power station that began operating in 1976 and the two comparison counties (Polk, Volusia).

7%) than the study county, but were similar with regard to percentage below the poverty level
(12% versus 15%).

2.4. Statistical analyses

Counts of deaths by cause, sex, race, and five-year age group were obtained for the three
selected counties for each year from 1950 to 2000. Estimated annual county populations by
sex, race, and five-year age group for the years 1950–69 were obtained by interpolation in
decennial census counts as described by Riggan et al (1983). For the period after 1970, annual
population estimates were prepared by the Bureau of the Census utilising not only the decennial
censuses, but mid-decade sampling and other data such as school enrolment, public assistance
programmes and immigration records (Jablon et al 1990, NCI 2003). For each type of cancer
and each county the ‘expected’ number of deaths, based on concurrent US experience, was
calculated for the 51-year study period (Marsh et al 1998, NCI 2003). The expected numbers
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were obtained by multiplying annual US cancer death rates by the estimated populations,
stratified by five-year age group and sex. Counts of observed and expected deaths were then
summed over the following time periods: 1950–75 (just before the operation of the St Lucie
nuclear power station), 1976–2000 (for the years after the nuclear reactor began operation)
and 1950–2000 (all years before and after reactor operation). The minimum latency period
for the development of solid cancer following radiation exposure is about 5–10 years and for
leukaemia about 2 years (UNSCEAR 2000). Prenatal exposures have been associated with
increased mortality under the age of 2 years for leukaemia and solid cancers in some studies
(Bithell and Stewart 1975) and no excesses are reported after about 10–12 years in other studies
(Monson and MacMahon 1984). Thus, there was ample opportunity for residents in St Lucie
County to accumulate any dose and for trends in cancer rates to be evaluated. This approach
is the same as done previously by the NCI using similar databases and statistical programs
(Jablon et al 1990, 1991). Analyses excluding the first 10 years after reactor start-up in 1976
were also conducted.

The ratio of the actual number of deaths observed to the number expected is the
standardised mortality ratio (SMR). Ratios of the standardised mortality ratios for the study to
the control counties were called ‘relative rates’ (RRs). Ninety-five per cent confidence intervals
were calculated for each RR following the method described in the NCI study (Mantel and
Ederer 1985, Breslow and Day 1987, Jablon et al 1990). A 95% confidence interval that
contains 1.00 indicates that the difference in mortality between St Lucie and the comparison
counties was not statistically significant.

Age-standardised total cancer mortality rates are also computed for children under the
age of 20 residing in St Lucie County contrasted with the age-standardised rates for children
residing in the two comparison counties from 1950 to 2000. The rates are presented as five-
year moving averages to smooth out fluctuations that occur when studying relatively small
populations where the number of cases, i.e., childhood cancers, varies from year to year.

Because of the rarity of childhood cancer, broad categories of cancer type and calendar
year had to be used to comply with confidentiality requirements for using the NCI and National
Center for Health Statistics database, i.e., strata containing three or fewer cancer deaths could
not be presented. The concern is the possibility that individuals with certain characteristics
might be identified if the number of deaths were small.

3. Results

Table 2 presents, for both sexes combined, the number of deaths from leukaemia, cancers of
the brain and other nervous tissue, and all cancers in childhood and across all ages during
the years 1950–2000 in St Lucie County and the two comparison counties. Childhood cancer
deaths were relatively rare during the 51-year period, with only 57 deaths in total occurring in
St Lucie County and 354 in Polk and Volusia Counties.

Table 3 presents, for both sexes combined, the standardised mortality ratios (SMR) and
relative rates (RR) of mortality for selected cancers in St Lucie County compared to the two
comparison counties for the time periods before 1976, when the nuclear power station began
operating, and after 1976. None of the SMRs for St Lucie County after the power station was
in operation was significantly elevated. Furthermore, across all ages, total cancer rates in St
Lucie County were the same as those in the control counties (RR 1.00; 95% CI 0.98–1.02).
Similarly, for all childhood cancers there were no significant differences overall between the
rates in St Lucie and the comparison counties (RR 1.07; 95% CI 0.79–1.42). The rate of
childhood leukaemia was nonsignificantly higher in St Lucie County (RR 1.36; 95% CI 0.87–
2.10) than the comparison counties, but this was due to an elevated rate prior to the start of
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Figure 2. Age-standardised cancer mortality rates for children under the age of 20 residing in
St Lucie County from 1950 to 2000 compared with age-standardised rates in the two comparison
counties (Polk and Volusia). Five-year moving averages are presented to smooth fluctuation due
to the relatively small number of childhood cancers occurring over these years.

Table 2. Number of cancer deaths occurring in St Lucie County and in the two comparison
counties (Polk, Volusia) in Florida, 1950–2000.

Number of deaths

Cancer (ICD-8) St Lucie County Comparison counties

Childhood leukaemia (204–208)a 24 122
Childhood brain and other nervous tissue (191, 192)a 13 89
All childhood cancers (140–208)a 57 354
All leukaemia (204–208) 378 2 529
All brain and other nervous tissue (191–192) 261 1 425
All cancers (140–208) 11 411 66 602

a For ages under 20 years.

the nuclear facility (RR 1.91), whereas the rate was lower thereafter (RR 0.84). The rate of
childhood brain and other nervous tissue cancers was slightly lower in St Lucie County overall
(RR 0.94; 95% CI 0.52–1.68) and for both time periods (RR 0.87 and 0.96). Of the 18 RRs
presented in table 3, eight were less than 1.00, four were essentially 1.00, and six were greater
than 1.00; a distribution consistent with the play of chance when making multiple comparisons.

Analyses were also conducted excluding the first 10 years after the reactor start-up, i.e.,
for years 1985–2000. Essentially the same patterns were seen, although the relative rates were
somewhat lower: 0.93 (95% CI 0.4–2.4), 0.78 (95% CI 0.3–2.0) and 0.96 (95% CI 0.6–1.6)
for childhood leukaemia, childhood brain and other nervous tissue and all childhood cancers,
respectively.

Figure 2 presents the age-standardised total cancer mortality rates for children residing
in St Lucie County contrasted with the age-standardised rates for children residing in the two
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Table 3. Relative rates (RRs) of mortality due to childhood (<20 yr) and other cancers in St Lucie County, Florida contrasted with the two comparison
counties (Polk, Volusia) in Florida for two time periods during 1950–2000 for both sexes combined. The St Lucie nuclear power station began operation
in 1976.

Cancer Obsa SMRb (95% CI) RRc (95% CI) Obsa SMRb (95% CI) RRc (95% CI) Obsa SMRb (95% CI) RRc (95% CI)

Childhood leukaemia 16 1.48 (0.85, 2.41) 1.91 (1.11, 3.24) 8 0.74 (0.32, 1.47) 0.84 (0.40, 1.76) 24 1.12 (0.71, 1.66) 1.36 (0.87, 2.10)

Childhood brain and
other nervous tissue 5 0.89 (0.29, 2.08) 0.87 (0.35, 2.20) 8 1.13 (0.49, 2.23) 0.96 (0.39, 2.06) 13 1.03 (0.55, 1.75) 0.94 (0.52, 1.68)

All childhood cancers 26 0.97 (0.63, 1.42) 1.11 (0.74, 1.67) 31 0.99 (0.67, 1.41) 1.02 (0.69, 1.49) 57 0.98 (0.74, 1.27) 1.07 (0.79, 1.42)

All leukaemia 73 0.85 (0.67, 1.07) 0.92 (0.72, 1.17) 305 0.83 (0.74, 0.93) 0.90 (0.80, 1.02) 378 0.84 (0.75, 0.92) 0.90 (0.81, 1.01)

All brain and
nervous tissue 37 0.88 (0.62, 1.21) 0.88 (0.62, 1.12) 224 1.07 (0.93, 1.22) 1.10 (0.95, 1.27) 261 1.04 (0.91, 1.17) 1.06 (0.93, 1.20)

All cancers 1918 0.93 (0.88, 0.97) 1.02 (0.98, 1.07) 9,493 0.94 (0.92, 0.96) 0.99 (0.97, 1.01) 11 411 0.94 (0.92, 0.96) 1.00 (0.98, 1.02)

a Observed number of cancer deaths in St Lucie county.
b SMR (standardised mortality ratio) denotes the observed number of deaths in St Lucie county divided by the expected number of deaths based on rates in the general
population of the United States.
c RR denotes the relative rate taken as the SMR in St Lucie county divided by the SMR in the two comparison counties.
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comparison counties from 1950 to 2000. There is no consistent divergence in the patterns of
childhood cancer between the study and comparison counties for the 51-year period.

4. Discussion

There was no evidence that the rates of childhood leukaemia,childhood brain and other nervous
tissue cancer or all childhood cancers taken together were different in St Lucie County from the
rates observed in the two similar counties or compared to expectations based on national cancer
mortality rates over the 26-year period 1976–2000. Indeed, relative rates for all childhood
cancers and for childhood leukaemia were slightly higher before the nuclear power station
began operating in 1976 than afterwards, and rates of brain and other nervous tissue cancer
were slightly lower in St Lucie County than in the two comparison counties for both time
periods. These data provide no support for the hypothesis that radiation releases from the
nuclear reactor may have increased the rates of childhood cancer.

4.1. Radiation exposure

Radiation from the normal operation of nuclear facilities is regulated, and only small levels are
allowed to be released (CFR 2005). Thus the population dose from any radioactive releases
would be expected to be much lower than from other sources of radiation, including from natural
background (Darby and Doll 1987) or medical x-ray. Federal studies of populations living in
counties containing nuclear facilities in the United States have found no evidence for increases
in childhood cancer, leukaemia, breast cancer or any other cancer (Jablon et al 1990, 1991).

The previous study conducted by NCI included an evaluation of cancer mortality in St
Lucie County prior to 1976 when the nuclear power station first operated, with follow-up until
1984 (Jablon et al 1990). We were able to extend the period of observation for an additional
17 years to 2000. Although the number of cancer deaths in children increased by a factor of
three with the extended follow-up, the SMRs were essentially the same, 0.99 (n = 31) in our
study and 1.13 (n = 10) in the NCI study. There have been many other studies in the past two
decades concerning the occurrence of cancer around nuclear installations (IARC 2000). No
consistent patterns have emerged to link radioactive release to increased cancer risk.

Recently, there have been claims that radioactive strontium had been found in deciduous
teeth of children living near nuclear power plants and that this exposure may be responsible
for increases in childhood cancer, breast cancers and other malignancies (Gould et al 2000,
Mangano et al 2003). The US Nuclear Regulatory Commission reviewed these claims in
response to a request from the New Jersey Department of Environmental Protection and
concluded that they were unfounded (NRC 2001). The major source of radioactive strontium
in the environment comes not from the operation of nuclear power plants, which is miniscule,
but from prior aboveground testing of nuclear weapons (UNSCEAR 2000). Nuclear power
plant emissions of radioactive strontium are ‘inconsequential compared with other man-made
sources and should be undetectable in deciduous teeth’ (NRC 2001). Finally, strontium is
similar to calcium in its chemical properties and would be taken up primarily by bone and
not brain or nervous system tissues (ICRP 2000, IARC 2001). Thus, excessive exposure to
radioactive strontium would not be expected to increase the occurrence of brain cancer or other
nervous tissue cancer because the tissues responsible for these malignancies would receive little
to no exposure.

4.2. Cluster of nervous tissue cancers

The cluster that initially drew attention to St Lucie County involved a total of 15 cases of
childhood cancer of brain and other nervous tissue diagnosed over the 3 year period 1995–97:
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13 brain or other central nervous system (CNS) tissue cases (about three expected) and two
neuroblastomas (about one expected). In conducting its case–control study, FDOH expanded
coverage to include all such cases diagnosed over the 17 year period 1981–97 (29 cases, 21
expected; 22 brain and other CNS cancers, 16.1 expected; and 7 neuroblastomas, 4.9 expected)
(FDOH 2001).

While the 15 recent cases (1995–97) represent a significant case cluster in statistical
terms, at least for brain and other CNS tumours, the cluster’s significance in biological terms
is uncertain. Biologic significance depends on finding sufficiently convincing evidence that
most of the cases in the cancer cluster share the same plausible local biologic cause, whether
exposure to carcinogenic chemicals, exposure to radiation, exposure to infectious agents,
shared genetic relationships or some combination thereof (Heath 1996). Neither the studies
done by the Florida Department of Health nor the radiation studies reported here have produced
such evidence, either for the entire 17 years (1981–97) or for the more recent 3 year period.
It remains possible, therefore, if not likely, that the 1995–97 excess of cases reflects a random
distribution of cases in time and place and not the result of some shared causation. No evidence
suggests that the recent cases differed clinically from earlier cases, had a different geographic
residential distribution or had different histories of potential exposure to chemicals or radiation.
Places of residence reflected the general distribution of population within the county, and none
were in neighbourhoods adjoining the nuclear power station. No parents or immediate family
members of affected children were employed at the station. No records of unusual releases
of radioactive materials from the station were found, and, among recent cases, no clustering
by age at diagnosis was seen that might suggest some shared prenatal exposure that might not
otherwise have been suspected.

4.3. Population mixing

One hypothesis gaining support for explaining case clusters of childhood leukaemia/lymphoma
reported around nuclear installations and elsewhere is the possibility that such cases may occur
as a rare response to an unidentified infection whose transmission is facilitated when large
numbers of people come together, such as might occur when large industrial complexes are
built in rural areas or when there is a substantial immigration of new residents (Kinlen 1997,
Doll 1999). This population mixing hypothesis has recently been extended to consider other
forms of childhood cancer including neuroblastoma (Dickinson et al 2002b). An infectious
disease aetiology has also been proposed for neuroblastoma (Dickinson et al 2002a, Menegaux
et al 2004). St Lucie County has experienced considerable growth in population over the last
50 years: from 20 000 residents in 1950 to 39 000 in 1960 to 51 000 in 1970 to 87 000 in 1980
to 150 000 in 1990 to 187 000 in 2000. Although speculative, the significant elevated rate of
childhood leukaemia observed prior to 1976 might be due in part to an as yet unidentified
infectious agent associated with population mixing prior to or during the construction of
the nuclear power station which began operating in 1976. A second nuclear reactor began
operating in 1983, but it seems unlikely that the additional in-migration would result in both a
slight increase in childhood cancers of the brain and other nervous tissues and a slight decrease
in childhood leukaemia.

4.4. Study strengths and limitations

This community cancer mortality study covered a long time frame, over 50 years, which
enabled detailed analyses of several specific cancers. Comparisons of cancer rates before and
many years after the start-up of the nuclear power station in 1976 could be made. Comparisons
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with demographically similar control counties in the state of Florida and with the entire United
States were possible. The numbers of total cancer deaths between 1950 and 2000, over 11 000
and 66 000 in St Lucie and control counties, respectively, was such that any differences could
be identified, if they were present. The methodology used was the same as that employed
by the NCI in a similar, but larger-scale investigation of mortality in counties throughout the
United States with nuclear facilities, including electrical utilities, uranium processing plants
and weapons production laboratories (Jablon et al 1990, 1991).

The number of childhood cancer deaths,57 in St Lucie and 354 in the comparison counties,
however, was not large but was sufficient to exclude RRs of 1.42 or higher with 95% confidence.
For the period 1976–2000, RRs of 1.76, 2.06 and 1.49 or higher for deaths due to childhood
leukaemia, brain and other nervous tissue, and all childhood cancers, respectively, could be
excluded with 95% confidence. Further, our five-year age-adjusted mortality rate analyses
compared the patterns of childhood cancer over time and found no measurable difference
between St Lucie County and the comparison counties (figure 2). Our study could only
address mortality, however, and improvements in therapies have greatly increased survival,
especially for childhood cancers. These improvements would be expected to be similar for
residents in St Lucie and the comparison counties, and the incidence analyses conducted by
the Florida Department of Health (FDOH 2001) also did not find significant increases in
neuroblastoma, brain or other CNS cancers over the years 1981–97. Neuroblastoma also
could not be separated from the ‘other cancers of the nervous system’ because there were no
specific International Classification of Diseases (ICD) mortality codes for neuroblastoma in
any of the five ICD classifications used between 1950 and 2000. Our descriptive study is
further limited by uncertainties associated with migration and with the absence of information
on actual exposure, if any, to individuals. Migration might be less of a problem for studies of
children, however, given that the time between potential exposure and death would be limited
and might not be as great as for adults. Finally, the allowable releases of radiation from
a normally operating nuclear facility would be expected to be so low (CFR 2005) that any
population study would have low statistical power to detect any effect had there been one.

This study relied on mortality data. Although the accuracy of the cause of death
information on death certificates is variable, this inaccuracy is less for cancer than other
causes even during the early years of this study (Percy et al 1981). Further, the quality of
death certificate information would be expected to be similar for St Lucie County and the
neighbouring counties which comprised the comparison population. Nonetheless, mortality
data are not optimal for monitoring cancers for which improved therapy has markedly lowered
death rates in recent years while not affecting incidence. Mortality and incidence rates are
highly correlated, however, so that the reliance on mortality data is more of an issue of statistical
power than of study bias. In this particular circumstance, cancer incidence data were not
available over the time period of interest, and mortality data could address changes in rates
before and after the operation of the nuclear power station began.

Data for the calendar years of interest were available only for the entire county and some
residents lived up to about 25 miles from the nuclear power station (figure 1), although most of
the county population resides within 10 miles. Local effects, nonetheless, would be difficult
to detect using county death rates because of any dilution resulting from the inclusion of the
populations living at some distance from reactor. Wind direction would also influence the
exposure pattern of the population. On the other hand, the increase in brain cancer and other
cancers of the nervous tissue was reported for the entire county. Finally, the annual age-specific
population estimates in 1950–69 for counties that had much in- or out-migration may be in
error as a result of the linear interpolation used for those years, but since broad categories
(1950–76 and 1977–2000) were used in the analysis, these errors are likely to be minimal.
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5. Conclusion

A mortality study of childhood (and all-age) cancer over the years 1950–2000 failed to identify
any increasing patterns of risk in St Lucie County compared with two other similar counties
in Florida. Rates before 1976, when the St Lucie nuclear power station began operation, were
generally higher than rates after 1976, especially for childhood leukaemia. Childhood brain
and other nervous tissue cancer rates were similar over the entire study period and slightly
lower than those in the comparison counties. Similar to larger scale studies conducted around
all nuclear facilities in the United States, this extended series finds no evidence that living
in a community near a nuclear reactor has increased the occurrence of childhood cancer.
Limitations of descriptive studies include, however, the possible influence of migration, the
absence of knowledge on exposure to individuals, and the inability to adjust for confounding
factors among individuals.
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Paper

CANCER MORTALITY AMONG POPULATIONS RESIDING IN
COUNTIES NEAR THE HANFORD SITE, 1950–2000

John D. Boice, Jr.,*† Michael T. Mumma,* and William J. Blot*†

Abstract—A descriptive epidemiologic study of cancer mortal-
ity among residents of counties near the Hanford nuclear
facility site in Richland, Washington, was conducted. Between
1944 and 1957, radioactive 131I was released into the environ-
ment from the Hanford site. Cancer mortality from 1950
through 2000 was evaluated in four counties with the highest
estimated exposure to 131I and compared with the cancer
mortality experience in five demographically similar counties
in Washington State with minimal 131I exposure. Overall,
cancer rates in the study counties were slightly below those in
the comparison counties [relative risk (RR) 0.95; 95% confi-
dence interval (CI) 0.93–0.97], due mainly to a low risk for
lung cancer (RR 0.89; 95% CI 0.85–0.93). Thyroid cancer (n �
33; RR 0.84; 95% CI 0.56–1.26), female breast cancer (n �
1,233; RR 0.99; 95% CI 0.92–1.06), leukemia other than
chronic lymphocytic leukemia (n � 492; RR 0.95; 95% CI
0.85–1.06), and childhood leukemia (n � 71; RR � 1.06; 95%
CI 0.78–1.43) were not significantly increased in the exposed
counties. Furthermore, there was no evidence that the cancer
death rates over time differed between study and comparison
counties. Patterns over time of thyroid cancer in particular
were similar for exposure and comparison counties. Although
based on a geographic correlation design, these data suggest
that living near the Hanford site has not increased cancer
rates.
Health Phys. 90(5):431–445; 2006

Key words: cancer; Hanford accident; exposure, population;
mortality

INTRODUCTION

THE HANFORD nuclear facility began operation in 1943 in
Richland, Washington. Activities have included the op-
eration of reactors to produce nuclear materials, the
reprocessing of fuel to recover plutonium and uranium,
and the production of plutonium for the United States
nuclear weapons program (Farris et al. 1996; Napier

2002). Between 1944 and 1957 airborne releases of 131I
occurred.

Herein we report on mortality among residents in
counties near the Hanford installation. The current sur-
vey extends by 16 years a previous one conducted by the
National Cancer Institute (NCI) that evaluated the cancer
mortality experience of residents near nuclear facilities in
the United States, including the Hanford Production
Operation over the years 1950 through 1984 (Jablon et al.
1990). The initial NCI survey was conducted in response
to reports from the United Kingdom that childhood
leukemia rates might be elevated in areas near nuclear
installations. These reports were not confirmed in the
United States (Jablon et al. 1991) or in other countries
(UNSCEAR 1994). However, in the 1940’s through the
1950’s, radioactive iodine, specifically 131I, was released
from the Hanford site into the environment, and concerns
over possible health effects were raised. A large-scale
epidemiologic study of persons potentially exposed to
131I as children was conducted in response to these
concerns (NRC 2000; Davis et al. 2002, 2004a). The
survey reported here looks at the cancer mortality expe-
rience of all residents in counties near the Hanford
facility over the years 1950–2000.

METHODS

The current survey used somewhat different criteria
to select study and comparison counties than in the
previous NCI survey (Jablon et al. 1990). Four counties
with the highest exposure to 131I were chosen as study
counties based on extensive reports on release patterns
and wind direction that became available after the NCI
study was completed (Farris et al. 1994, 1996; Napier
2002). Five comparison counties were chosen based on
an algorithm that took into account population and
demographic characteristics, after excluding counties
with potential for moderate exposure to 131I. The previous
NCI survey had selected three exposure counties and
three control counties and used geographic proximity to
the Hanford site as the primary consideration for selec-
tion. The previous NCI survey reported no significant
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elevations in childhood leukemia, thyroid cancer, or any
other cancer over the years 1950–1984 (Jablon et al.
1990).

The same methodology, computer programs, and
databases used by the earlier NCI investigation (Jablon et
al. 1990) were used in this extended Hanford mortality
survey. Similar methodologic approaches also have been
used to evaluate cancer mortality in communities living
in areas of increased radiation from mining, milling and
uranium processing operations (Boice et al. 2003a and
b).

Cancers considered in the study
Because radioactive iodine is efficiently absorbed

by the thyroid gland, thyroid cancer is the major outcome
of interest. To the extent that any plutonium or uranium
was released into the environment, the following kinds of
cancer would be of interest based on the likely deposition
in body tissue: cancers of the lung, bone, liver, and
kidney (IARC 2001). In addition, based on knowledge of
cancers found increased after high dose and high dose
rate external exposures to gamma or x rays, cancers of
the stomach, colon, brain, female breast, and leukemia
were studied (Boice 2006a; UNSCEAR 2000; IARC
2000). For completion, other cancers were included,
including those not frequently found to be increased in
exposed populations such as cancers of the esophagus,
pancreas, cervix uteri and corpus uteri, prostate, malig-
nant melanoma of the skin, Hodgkin’s disease, non-
Hodgkin’s lymphoma, and multiple myeloma. Because
children are somewhat more sensitive to the late effects
of ionizing radiation (Preston et al. 2003), childhood
leukemia and all childhood cancers occurring under the
age of 15 y were also evaluated.

Mortality data
Cancer mortality data for all counties in the state of

Washington were available from the National Cancer
Institute from 1950–2000 (NCI 2003). Counties are the
smallest areas for which both population estimates and
annual counts of the number of deaths for specific causes
are readily available back to 1950 from the National
Center for Health Statistics and the U.S. Census Bureau
(NCI 2003).

Selection of exposure and comparison counties
The procedural steps to determine exposure and

comparison counties were as follows:

1. All 119 counties in the states of Washington, Oregon,
and Idaho were initially considered eligible for selec-
tion as comparison and exposure counties;

2. An exposure assessment score was assigned to the 30
counties surrounding the Hanford site based on the

relative geographic distribution of the estimated level
of 131I and the cumulative thyroid dose to a theoretical
population of children residing within each county
(Farris et al. 1994, 1996; Napier 2002). These esti-
mates took into account wind direction, soil deposi-
tion and possible milk consumption patterns. The four
counties with the highest exposure score were consid-
ered “study” counties (Benton, Adams, Franklin, and
Walla Walla). These four counties were also chosen
as having the highest potential exposure to 131I in a
recent epidemiologic study (Davis et al. 2004a).
Counties with moderate exposure scores (Lincoln,
Spokane, Whitman, Columbia, Pend Oreille, Stevens,
Umatilla, Grant, Morrow) or counties that were im-
mediately adjacent to the Hanford site (Yakima) were
excluded from consideration as comparison counties;

3. Census Bureau (USDC 1992) demographic data for
1990 on the following nine socio-economic variables
were obtained for the four exposure and all remaining
105 potential comparison counties: population density
(total persons divided by county area), percent male,
percent white, percent rural, percent high school
graduate, percent aged 65� years, percent employed,
percent below poverty and median household income;
and

4. For each demographic characteristic, a score of 0, 1,
or 2 was assigned based on the similarity to the
weighted mean value of the four exposure counties
with the weights taken as the county populations. A
score of 2 indicated close agreement with the study
counties average and a score of 0 indicated a lack of
similarity with the study counties. Although there was
some subjectivity in assigning scores, category
boundaries were chosen to best discriminate between
counties that were similar on demographic and socio-
economic factors from those that were dissimilar.
Specifically, scores and boundaries were assigned as
detailed below.

Population density (exposure counties � 49.6
persons/sq mile).

● 0 if �100 persons/sq mile or �7 persons/sq mile
● 1 if 7–30 or 30–100 persons/sq mile
● 2 if 30–70 persons/sq mile

Percent male (exposure counties � 50.2% male).

● 0 if �55% or �45%
● 1 if 45–49.5% or 52–55%
● 2 if 49.5–52%

Percent white (exposure counties � 96% white).

● 0 if �90% white

432 Health Physics May 2006, Volume 90, Number 5
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● 1 if 90–93% white or �97%
● 2 if 93–97% white

Percent rural (exposure counties � 22% rural).

● 0 if �10% or �85%
● 1 if 10–25 or 75–85%
● 2 if 25–75%

Percent high school graduate (exposure coun-
ties � 79%).

● 0 if �65% or �90%
● 1 if 65–70 or 85–90%
● 2 if 70–85%

Percent over age 65 years (exposure counties �
11%).

● 0 if �5% or �20%
● 1 if 5–9% or 16–20%
● 2 if 9–16%

Percent employed (exposure counties � 61%).

● 0 if �45% or �70%
● 1 if 45–55%, or 65–70%
● 2 if 55–65%

Percent below poverty (exposure counties �
14%).

● 0 if �5% or �30%
● 1 if 5–11% or 23–30%
● 2 if 11–23%

Median household income (exposure counties �
$28,800).

● 0 if �$37,000 or �$20,000
● 1 if $20,000–$23,999 or $33,001–$37,000
● 2 if $24,000–$33,000

Geographic proximity to Hanford site.

● 0 if greater than 150 miles
● 1 if �50 miles, but within 150 miles
● 2 if within 50 miles

Data on diet, smoking, and other potential cancer risk
factors are not readily available at the county level, but
choosing comparison counties from the same region as the
study counties helps minimize differences in these and other
factors. Accordingly, an additional two points were added
for counties within the state of Washington. The assigned
scores for each demographic characteristic were then
summed for each county. Table 1 shows the rankings of
counties in Washington state; scores for all counties in

Oregon and Idaho were computed but not presented since
they were lower than the five counties in Washington state
selected for comparison. The five counties with the highest
similarity scores (Douglas, Skagit, Chelan, Kittitas, and
Whatcom) were selected as comparison counties (Fig. 1).
The determination of a socio-economic score based on
area-level characteristics is similar to that done in other
studies (Steenland et al. 2004).

Statistical analyses
Analyses were based on the underlying cause of death,

coded according to the ninth revision of the International
Classification of Diseases (ICD) (WHO 1977). Counts of
cancer deaths by site, sex, race, and 5-y age group were
obtained for each of the five selected counties for each year
from 1950 to 2000. Estimated annual county populations by
sex, race, and age group were obtained by interpolation in
census counts for 1950 to 1969, and for later years decen-
nial censuses were prepared by the Bureau of the Census
(Jablon et al. 1990; NCI 2003). For each type of cancer and
each county the “expected” numbers of deaths, based on
concurrent U.S. experience, were calculated for the 51-y
study period (Marsh et al. 1998; NCI 2003). The expected
numbers were obtained by multiplying annual U.S. cancer
death rates by the estimated populations, stratified by 5-y
age group and sex. Counts were then summed for the four
study counties and for all five of the comparison counties.
Counts of observed and expected deaths were then summed
over the following time periods: 1950–1964 (just after and
during the period of major 131I releases from Hanford),
1965–1979, 1980–1989, and 1990–2000. The minimum
latency period for the development of solid cancer follow-
ing radiation exposure is about 5 to 10 y and for leukemia
about 2 y (IARC 2000). Thus, there was ample opportunity
for residents in the exposure counties to accumulate dose
and for trends in cancer rates to be evaluated. This approach
is the same as what was done previously by the National
Cancer Institute (NCI) using similar databases and statisti-
cal programs (Jablon et al. 1990).

The ratio of the actual number of deaths observed to
the number expected at U.S. rates is the standardized
mortality ratio (SMR). Ratios of the standardized mor-
tality ratios for the study to the comparison counties were
called “relative risks” (RRs) although this is not the
traditional usage of the term relative risk. Ninety-five
percent confidence intervals (CIs) were calculated for
each RR following the method described in the NCI
study (Mantel and Ederer 1985; Breslow and Day 1987;
Jablon et al. 1990). A 95% CI that contains 1.00 indicates
that chance cannot be ruled out as an explanation for any
observed differences in cancer mortality rates between
study counties and the comparison counties.
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Strata containing three or fewer cancer deaths are
not presented but are listed as LT4 to denote “less than
four.” This is to abide by the confidentiality requirements
for using the NCI and National Center for Health
Statistics database. The concern is the possibility that
individuals with certain characteristics might be identi-
fied if the number of deaths were small.

RESULTS

In 1990, the total number of residents within the four
study and five comparison counties were 212,075 and
312,515, respectively (Table 1). The comparison coun-
ties were similar to the study counties with regard to
demographic indicators of cancer risk such as age, race,

and various measures of socio-economic status. Over
85% of the population studied was White, with a small
percentage of Black or Asian; 11–13% of the county
residences were older than 64 y; over 79% had graduated
from high school; and 61% were employed. The median
household income in 1989, about $26,000 to $28,000 per
year, was also similar between the study and comparison
county populations. Comparison counties were more
rural (46% vs. 22%) than the study counties but were
similar with regard to poverty level (13% vs. 14%). The
study and comparison counties were slightly less affluent
than the state of Washington.

Table 2 presents the total number of observed and
expected cancer deaths, overall and for specific cancers,
occurring during 1950–2000 within the four 131I exposed

Table 1. Ranking of Washington counties based on an algorithm of demographic and socio-economic characteristicsa

used to select comparison counties that are similar to the four 131I exposure study counties.

County
Total
score

Total
persons

Popn
density

Percent

Med HH
income ($)Male White

White
other Rural

HS
Grad�

Age
65� Employed

Below
poverty

Exposure Counties
Walla Walla 22 48,439 38.1 50.8 89.5 96.6 26.2 78.5 15.7 56.1 14.7 24,414
Franklin 21 37,473 30.2 51.6 72.0 93.5 27.3 65.5 9.8 60.8 22.7 24,604
Benton 20 112,560 66.1 49.5 91.5 96.4 12.8 82.0 10.1 63.8 11.0 32,593
Adams 18 13,603 7.1 50.7 66.9 98.7 65.9 64.0 11.2 62.1 17.3 24,604
All Study Counties 212,075 49.6 50.2 86.0 96.1 21.8 79.1 11.4 61.4 14.3 28,800

Selected Comparison
Counties

Douglas 20 26,205 14.4 50.5 92.4 98.1 41.8 73.9 12.1 60.0 12.1 27,054
Skagit 20 79,555 45.8 49.4 93.2 96.6 50.4 79.9 15.7 56.4 11.3 28,389
Chelan 19 52,250 17.9 49.2 92.6 98.1 47.7 73.1 15.7 58.3 15.0 24,312
Kittitas 19 26,725 11.6 49.6 95.6 97.1 53.7 84.5 13.3 55.0 18.4 20,489
Whatcom 19 127,780 60.3 49.5 93.5 94.6 40.8 83.7 12.7 62.2 11.9 28,367
All Selected Control Counties 312,515 41.5 49.5 93.4 96.2 45.6 80.3 14.0 59.3 13.0 25,760

Nonselected counties
Cowlitz 18 82,119 72.1 49.5 95.2 96.3 30.2 76.3 13.5 55.4 13.1 27,866
Grays Harbor 18 64,175 33.5 49.8 94.0 94.6 46.6 73.0 15.9 50.3 16.1 23,042
Clallam 17 56,464 32.4 49.8 93.0 93.4 52.5 78.5 20.4 47.8 12.1 25,434
Klickitat 17 16,616 8.9 50.3 92.5 95.5 80.0 68.9 14.1 52.6 16.8 23,012
Lewis 17 59,358 24.7 49.3 96.9 97.4 68.3 74.5 15.7 52.9 14.1 24,410
Mason 17 38,341 39.9 51.6 93.4 94.0 81.1 77.3 16.5 48.2 12.6 26,304
Asotin 15 17,605 27.7 47.3 97.9 98.3 23.3 76.7 16.6 53.7 18.9 22,897
Clark 15 238,053 379.1 49.4 94.8 95.5 22.3 82.5 10.7 62.7 9.2 31,800
Jefferson 15 20,146 11.1 49.3 95.4 95.4 51.6 81.4 20.7 47.9 13.3 25,197
Kitsap 15 189,731 479.1 51.0 90.1 91.2 34.7 85.6 10.7 63.1 9.0 32,043
Pierce 15 586,203 349.9 50.0 85.2 86.4 12.7 82.5 10.4 62.5 10.9 30,412
Skamania 15 8,289 5.0 51.0 95.6 95.8 100.0 74.6 10.7 54.8 9.3 28,778
Snohomish 15 465,642 222.8 49.8 93.4 94.1 20.4 84.5 9.5 67.9 6.5 36,847
Thurston 15 161,238 221.8 48.7 92.1 93.0 40.8 85.3 11.7 62.6 9.9 30,976
Wahkiakum 15 3,327 12.6 49.7 94.9 96.2 100.0 74.7 19.5 57.1 10.2 26,969
Island 14 60,195 288.6 52.2 91.5 92.5 65.2 87.7 13.8 61.6 6.9 29,161
Okanogan 14 33,350 6.3 50.5 82.7 88.7 87.7 69.6 13.9 55.1 21.2 20,303
Pacific 14 18,882 19.4 49.7 93.0 94.0 84.6 72.9 21.7 46.7 16.8 20,029
Ferry 13 6,295 2.9 52.5 80.9 81.6 100.0 70.7 10.6 50.1 23.6 25,170
Garfield 13 2,248 3.2 49.0 99.2 99.2 100.0 81.5 22.2 56.1 10.3 25,156
King 10 1,507,319 709.0 49.2 84.9 85.9 5.8 87.5 11.1 68.5 7.8 36,179
San Juan 10 10,035 57.4 49.5 97.7 97.8 100.0 90.8 21.3 53.9 7.3 31,278

Washington State 4,866,692 49.6 88.6 90.9 23.6 83.8 11.2 47.1 10.6 31,183

a Popn Density denotes population density (persons/square mile); HS Grad denotes high school graduate; Med HH Income denotes
median household income.
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counties and the five comparison counties. There were
14,143 cancer deaths in the study counties and 28,567
cancer deaths in the comparison counties. The most

frequent causes of death were cancer of the lung, female
breast, colon and rectum, and male prostate. Death from
thyroid cancer was relatively infrequent with 33 and 76

Table 2. Observed (obs) and expected (exp)a numbers of cancer deaths and SMRs occurring in the four 131I exposed
study counties and in the five comparison counties during 1950–2000.

Cancer (ICD9)b

Study Counties Comparison Counties

Obs Exp SMR Obs Exp SMR

Esophagus (150) 221 282.9 0.78 478 548.3 0.87
Stomach (151) 469 636.7 0.74 1,061 1,278.6 0.83
Colon/rectum (153, 154) 1,678 2,018.9 0.83 3,303 3,960.0 0.83
Pancreas (157) 799 806.3 0.99 1,575 1,569.1 1.00
Lung (162) 3,261 3,797.0 0.86 7,024 7,279.8 0.96
Melanoma/skin (172) 74 84.7 0.87 133 167.5 0.79
Female breast (174) 1,245 1,356.7 0.92 2,308 2,487.5 0.93
Cervix uteri (180) 176 219.0 0.80 355 395.8 0.90
Corpus uteri (182) 223 224.7 0.99 406 430.5 0.94
Ovary (183) 411 430.5 0.95 852 797.5 1.07
Prostate (185) 904 885.8 1.02 1,933 1,871.6 1.03
Urinary bladder (188) 314 394.8 0.80 732 801.2 0.91
Kidney/renal pelvis (189) 329 328.2 1.00 603 626.3 0.96
Liver and kidney (155, 189) 523 537.2 0.97 926 1,023.0 0.91
Bone (170) 66 68.4 0.96 104 120.8 0.86
Connective tissue (171) 85 92.9 0.91 161 165.0 0.98
Brain and CNS (191, 192) 453 410.8 1.10 800 722.8 1.11
Thyroid (193) 33 42.3 0.78 76 81.8 0.93
Non-Hodgkin’s lymphoma (200, 202) 533 564.0 0.95 1,058 1,060.0 1.00
Hodgkin’s disease (201) 79 109.7 0.72 161 185.2 0.87
Multiple myeloma (203) 232 230.7 1.01 451 447.3 1.01
Leukemia (204−208) 646 689.9 0.94 1,202 1,275.9 0.94
Leukemia, CLLc 153 142.9 1.07 262 282.2 0.93
Leukemia, not CLL 492 546.2 0.90 940 992.2 0.95
Childhood leukemia (�15 y) 71 61.2 1.16 103 93.7 1.10
Childhood cancer (�15 y) 145 139.5 1.04 227 213.0 1.07
All cancers (140−208) 14,143 16,042.6 0.88 28,567 30,791.8 0.93

a Expected numbers based on U.S. rates.
b WHO (1977).
c CLL denotes chronic lymphocytic leukemia.

Fig. 1. County map of Washington State indicating the four study counties (Benton, Franklin, Adams, Walla Walla)
most heavily exposed to 131I releases from the Hanford site and the five demographically similar comparison counties
(Kittitas, Chelan, Douglas, Skagit, Whatcom).
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deaths in the study and comparison counties, respec-
tively. The numbers of childhood leukemia deaths were
71 in the study counties and 103 in the comparison
counties. The SMRs for study and comparison counties
were similar (Table 2). Compared with the general
population of the United States, SMRs were close to or
below 1.0 for most cancer sites. When increased SMRs
were observed, e.g., for cancers of the prostate and brain
and childhood cancer, the elevations were seen in both
study and comparison counties.

Table 3 presents, for females, the relative risks of
mortality for selected cancers in the 131I exposure coun-
ties compared to the minimally exposed comparison
counties for four time periods during 1950–2000. Over-
all, female cancer rates in the study counties were
slightly below those in the comparison counties (RR
0.94; 95% CI 0.92–0.97), mainly related to a low risk for
lung cancer (RR 0.86; 95% CI 0.80–0.93). No cancer
was significantly elevated. The most frequent cause of
cancer death was female breast cancer (n � 1,233; RR
0.99; 95% CI 0.92–1.06). Thyroid cancer (RR 0.71; 95%
CI 0.41–1.21), leukemia other than chronic lymphocytic
leukemia (RR 0.93; 95% CI 0.79–1.10), and childhood

leukemia (RR 0.75; 95% CI 0.46–1.24) were not in-
creased. There were no increasing trends over time for
any cancer.

Table 4 presents, for males, the relative risks of
mortality for selected cancers in the 131I exposure coun-
ties compared to the minimally exposed comparison
counties for four time periods during 1950–2000. Similar
to the patterns seen for females, the overall male cancer
rates in the study counties were slightly below those in
the comparison counties [RR 0.95; 95% CI 0.93–0.98]
related to a low risk for lung cancer (RR 0.90; 95% CI
0.86–0.95). No other cancer was significantly above or
below expectation. The most frequent cancer death was
lung cancer (n � 2,235). Thyroid cancer (RR 1.09; 95%
CI 0.58–2.04), leukemia other than chronic lymphocytic
leukemia (RR 0.96; 95% CI 0.83–1.11), and childhood
leukemia (RR 1.31; 95% CI 0.89–1.93) were not signif-
icantly increased. Bone cancer among males was in-
creased but not significantly (RR 1.43; 95% CI 0.96–
2.14). In contrast, bone cancer among females was
decreased but not significantly (RR 0.80; 95% CI 0.49–
1.30). There were no increasing trends in the RR over
time for males residing in the study counties compared to

Table 3. Relative risks of mortality due to selected cancers in the four 131I exposed study counties contrasted with the
five comparison counties for four time periods during 1950–2000 in Washington State for females.

Cancer (ICD9)a

All years
1950−64 1965−79 1980−89 1990−2000 1950−2000 95% CI

Obsb RR Obs RR Obs RR Obs RR Obs RR Lower Upper

Esophagus (150) 4 0.52 9 0.59 13 1.13 26 0.95 52 0.84 0.61 1.17
Stomach (151) 54 0.89 55 1.00 35 1.10 25 0.66 169 0.91 0.76 1.09
Colon/rectum (153, 154) 159 1.12 249 1.11 170 0.74 246 0.97 824 0.98 0.90 1.06
Pancreas (157) 56 1.27 82 0.95 93 0.86 139 0.90 370 0.95 0.83 1.07
Lung (162) 35 0.92 157 0.88 287 0.85 547 0.86 1,026 0.86 0.80 0.93
Skin/melanoma (172) 7 1.24 7 1.43 LT4 0.23 11 1.22 26 1.09 0.67 1.76
Female breast (174) 177 0.85 345 0.99 317 1.02 394 1.03 1,233 0.99 0.92 1.06
Cervix uteri (180) 65 0.91 54 1.03 26 0.93 31 0.70 176 0.90 0.75 1.07
Uterus (182) 45 0.87 66 1.17 54 1.12 58 1.04 223 1.05 0.89 1.24
Ovary (183) 71 1.04 111 0.91 98 0.99 131 0.77 411 0.89 0.79 1.01
Bladder (188) 9 0.45 42 1.79 16 0.60 24 0.78 91 0.90 0.70 1.16
Kidney (189) 16 1.28 23 0.88 24 0.73 46 1.00 109 0.93 0.74 1.17
Liver and kidney (155, 189) 16 1.28 41 0.97 47 0.94 89 1.12 193 1.05 0.88 1.25
Bone (170) 7 0.58 8 1.05 5 2.03 LT4 0.47 23 0.80 0.49 1.30
Connective tissue (171) LT4 0.75 6 0.94 13 1.11 14 0.74 35 0.88 0.59 1.33
Brain and CNS (191, 192) 16 0.58 49 1.05 48 1.05 68 1.04 181 0.97 0.81 1.17
Thyroid (193) 5 0.69 LT4 0.19 6 0.84 6 1.03 18 0.71 0.41 1.21
NHL (200, 202) 30 1.22 59 1.13 70 1.08 89 0.80 248 0.98 0.84 1.14
Hodgkin’s disease (201) 14 1.39 LT4 0.24 10 2.72 4 0.64 31 0.95 0.61 1.47
Multiple myeloma (203) 12 1.53 29 1.21 36 1.58 30 0.58 107 1.01 0.80 1.28
Leukemia (204−208) 49 0.89 79 1.19 55 0.87 86 0.97 269 0.98 0.85 1.14
Leukemia, CLL 16 0.97 14 1.55 12 2.47 14 0.93 56 1.23 0.88 1.71
Leukemia, not CLL 33 0.86 65 1.13 43 0.73 72 0.98 213 0.93 0.79 1.10
Childhood leukemia (�15 y) 10 0.69 10 0.89 LT4 1.42 LT4 0.30 23 0.75 0.46 1.24
Childhood cancer (�15 y) 22 0.85 18 0.88 7 1.10 4 0.43 51 0.82 0.58 1.15
All (140−208) 967 0.93 1,650 1.01 1,604 0.95 2,271 0.90 6,492 0.94 0.92 0.97

a WHO (1977).
b Observed number of cancer deaths in study counties. LT4 denotes less than 4 deaths.
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Table 4. Relative risks of mortality due to selected cancers in the four 131I exposed study counties contrasted with the
five comparison counties for four time periods during 1950–2000 in Washington State for males.

Cancer (ICD9)a

All years
1950−64 1965−79 1980−89 1990−2000 1950−2000 95% CI

Obsb RR Obs RR Obs RR Obs RR Obs RR Lower Upper

Esophagus (150) 25 1.09 33 0.84 49 1.27 62 0.73 169 0.91 0.76 1.10
Stomach (151) 111 0.90 85 0.95 53 0.84 51 0.77 300 0.88 0.77 1.00
Colon/rectum (153, 154) 154 0.94 221 1.01 205 0.97 274 1.11 854 1.02 0.94 1.10
Pancreas (157) 69 0.90 138 1.09 88 0.92 134 1.12 429 1.02 0.91 1.15
Lung (162) 245 1.00 575 0.85 592 0.82 823 0.97 2,235 0.90 0.86 0.95
Skin/melanoma (172) 11 0.98 15 1.87 8 0.73 14 1.06 48 1.11 0.78 1.57
Breast (174) LT4 1.27 4 1.93 LT4 2.83 LT4 0.79 12 1.48 0.70 3.13
Prostate (185) 130 0.91 232 1.08 217 0.95 325 0.99 904 0.99 0.91 1.07
Bladder (188) 47 0.87 58 0.77 44 0.71 74 1.07 223 0.86 0.73 1.00
Kidney (189) 43 1.28 59 1.48 40 0.73 78 1.10 220 1.11 0.94 1.31
Liver and kidney (155, 189) 43 1.28 74 1.09 72 0.95 141 1.13 330 1.09 0.95 1.25
Bone (170) 14 1.43 15 1.70 5 0.71 9 1.95 43 1.43 0.96 2.14
Connective tissue (171) 4 0.94 9 0.83 13 0.88 24 1.13 50 0.98 0.69 1.38
Brain and CNS (191, 192) 45 0.91 69 1.00 72 1.29 86 0.92 272 1.01 0.87 1.17
Thyroid (193) 5 1.16 7 4.45 LT4 0.92 LT4 0.18 15 1.09 0.58 2.04
NHL (200, 202) 38 0.85 73 0.96 69 0.99 105 0.87 285 0.92 0.80 1.06
Hodgkin’s disease (201) 20 0.87 13 0.53 10 1.75 5 0.54 48 0.76 0.54 1.08
Multiple myeloma (203) 12 1.19 26 1.03 31 0.70 56 1.17 125 0.99 0.80 1.22
Leukemia (204−208) 85 1.08 98 0.90 82 1.04 112 1.01 377 1.00 0.88 1.14
Leukemia, CLL 44 1.57 13 0.73 12 1.06 28 0.96 97 1.12 0.87 1.43
Leukemia, not CLL 41 0.81 85 0.94 69 1.02 84 1.04 279 0.96 0.83 1.11
Childhood leukemia (�15 y) 25 1.12 13 1.52 6 1.70 4 2.03 48 1.31 0.89 1.93
Childhood cancer (�15 y) 40 1.00 28 1.12 16 1.33 10 1.08 94 1.09 0.83 1.42
All (140−208) 1,244 0.98 2,007 0.96 1,828 0.91 2,572 0.97 7,651 0.95 0.93 0.98

a WHO (1977).
b Observed number of cancer deaths in study counties. LT4 denotes less than 4 deaths.

Table 5. Relative risks of mortality due to selected cancers in the four 131I exposed study counties contrasted with the
five comparison counties for four time periods during 1950–2000 in Washington State for both sexes combined.

Cancer (ICD9)a

All years
1950−64 1965−79 1980−89 1990−2000 1950−2000 95% CI

Obsb RR Obs RR Obs RR Obs RR Obs RR Lower Upper

Esophagus (150) 29 0.95 42 0.77 62 1.24 88 0.79 221 0.90 0.76 1.05
Stomach (151) 165 0.89 140 0.97 88 0.93 76 0.73 469 0.89 0.80 0.99
Colon/rectum (153, 154) 313 1.02 470 1.06 375 0.85 520 1.04 1,678 1.00 0.94 1.06
Pancreas (157) 125 1.04 220 1.03 181 0.89 273 1.00 799 0.99 0.91 1.07
Lung (162) 280 0.99 732 0.86 879 0.83 1,370 0.93 3,261 0.89 0.85 0.93
Skin/melanoma (172) 18 1.07 22 1.71 9 0.59 25 1.13 74 1.10 0.83 1.46
Female breast (174) 180 0.85 349 0.99 320 1.02 396 1.03 1,245 0.99 0.92 1.06
Cervix uteri (180) 65 0.91 54 1.03 26 0.93 31 0.7 176 0.90 0.75 1.07
Uterus (182) 45 0.87 66 1.17 54 1.12 58 1.04 223 1.05 0.89 1.24
Ovary (183) 71 1.04 111 0.91 98 0.99 131 0.77 411 0.89 0.79 1.01
Prostate (185) 130 0.91 232 1.08 217 0.95 325 0.99 904 0.99 0.91 1.07
Bladder (188) 56 0.76 100 1.01 60 0.68 98 0.98 314 0.87 0.76 0.99
Kidney (189) 59 1.28 82 1.24 64 0.73 124 1.06 329 1.04 0.91 1.19
Liver and kidney (189, 155) 59 1.28 115 1.04 119 0.95 230 1.13 523 1.08 0.97 1.20
Bone (170) 21 0.96 23 1.40 10 1.06 12 1.10 66 1.12 0.82 1.53
Connective tissue (171) 6 0.87 15 0.87 26 0.98 38 0.95 85 0.94 0.72 1.22
Brain and CNS (191, 192) 61 0.79 118 1.02 120 1.18 154 0.97 453 1.00 0.89 1.12
Thyroid (193) 10 0.87 8 1.16 8 0.86 7 0.61 33 0.84 0.56 1.26
NHL (200, 202) 68 0.98 132 1.03 139 1.03 194 0.84 533 0.95 0.85 1.05
Hodgkin’s disease (201) 34 1.03 16 0.43 20 2.13 9 0.58 79 0.83 0.63 1.08
Multiple myeloma (203) 24 1.34 55 1.12 67 1.00 86 0.87 232 1.00 0.85 1.17
Leukemia (204−208) 134 1.00 177 1.01 137 0.97 198 1.00 646 0.99 0.90 1.09
Leukemia, CLL 60 1.35 27 1.00 24 1.48 42 0.94 153 1.15 0.94 1.41
Leukemia, not CLL 74 0.83 150 1.01 112 0.89 156 1.01 492 0.95 0.85 1.06
Childhood leukemia (�15 y) 35 0.95 23 1.16 8 1.62 5 0.95 71 1.06 0.78 1.43
Childhood cancer (�15 y) 62 0.94 46 1.01 23 1.25 14 0.75 145 0.98 0.79 1.20
All (140−208) 2,211 0.96 3,657 0.98 3,432 0.93 4,843 0.94 14,143 0.95 0.93 0.97

a WHO (1977).
a Observed number of cancer deaths in study counties.
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the comparison counties.
Table 5 presents, for both sexes combined, the

relative risks of mortality for selected cancers in the 131I
exposure counties compared to the minimally exposed
comparison counties for four time periods during 1950–
2000. Overall, cancer rates in the study counties were
slightly below those in the comparison counties (RR
0.95; 95% CI 0.93–0.97) due to a low risk for lung
cancer (RR 0.89; 95% CI 0.85–0.93). Thyroid cancer
(n � 33; RR 0.84; 95% CI 0.56–1.26), leukemia other
than chronic lymphocytic leukemia (n � 492; RR 0.95;
95% CI 0.85–1.06), and childhood leukemia (n � 71;
RR � 1.06; 95% CI 0.78–1.43) were not significantly
increased and showed no increasing pattern of risk over
the 51-y period of observation. Of the 27 relative risks
presented for the total period, 12 were less than 1.00, 8
were close to 1.00, and 7 were greater than 1.00, which
is a distribution consistent with the play of chance when
making many comparisons.

Fig. 2 presents the age-standardized mortality rates
of thyroid cancer for persons residing in the 131I study
counties contrasted with the age-standardized mortality
rates of thyroid cancer for people residing in the com-
parison counties from 1950 through 2000. The rates are
presented as five-year moving averages to smooth out
fluctuations in rates that occur when studying relatively
small populations where the number of cases, i.e., thy-
roid cancers, varies from year to year. There is essentially

no divergence in the patterns of thyroid cancer between
the study and comparison counties for the 51-y period.

DISCUSSION

Cancer rates among persons living in the counties
most heavily exposed to 131I during the Hanford releases
in the 1940’s and 1950’s were not found to be different
from the cancer rates in persons living in demographi-
cally similar counties in the state of Washington with
minimal exposure to 131I. For all cancers taken together
and for all specific cancers, there was no evidence of
increased cancer rates among residents of counties near
the Hanford site. These results are similar to those in the
previous study (Jablon et al. 1990) but extend the period
of observation by 16 y from 1985 through 2000.

All of the relative risks for specific cancers were
close to 1.00, indicating that there was essentially no
difference in the mortality experience between persons
living in the exposure counties and potentially exposed to
131I during the releases from Hanford and persons living
in similar counties in the state of Washington with
minimal exposure potential. Only one statistically signif-
icant observation, i.e., lung cancer (RR 0.89), was
decreased, suggesting that people in the study counties
may have been less likely to smoke cigarettes than
persons in the comparison counties (although it is gen-
erally found that persons residing in more rural than

Fig. 2. Age-standardized mortality rates for thyroid cancer for persons residing in the four 131I exposure counties
(Benton, Franklin, Adams, Walla Walla) from 1950 through 2000 compared with the five comparison counties (Kittitas,
Chelan, Douglas, Skagit, Whatcom). Five-year moving averages are presented to smooth fluctuation in rates due to the
relatively small number of thyroid cancers occurring over these years.
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urban areas would smoke less). The overall distribution
of relative risks, some slightly high and some slightly
low, is as might be expected from the random variations
commonly seen in population statistics.

The previous investigation evaluated cancer mortal-
ity through 1984 (Jablon et al. 1990). Our extended
survey through 2000 did not indicate any material
changes in the patterns of risk overall or for specific
cancers. The overall relative risks for all cancers (RR
0.96 vs. 0.95), female breast cancer (RR 0.92 vs. 0.99),
lung cancer (RR 0.96 vs. 0.89), thyroid cancer (1.17 vs.
0.84), and leukemia (0.92 vs. 0.99) were similar between
the former and current surveys.

131I would be expected to deposit most of its energy
within the thyroid gland as opposed to other organs. The
risk of thyroid cancer was not elevated in the counties
most exposed to 131I (RR 0.84; 95% CI 0.56–1.26), and
there was no increase in thyroid cancer over time. The
age-standardized mortality rates for thyroid cancer were
also evaluated from 1950 through 2000 for persons living
in 131I exposure counties near Hanford and for persons
living in the non-exposed or minimally exposed compar-
ison counties. During the 51 years of observation, the
patterns of thyroid cancer rates were similar and provide
no evidence that radioactive 131I releases have increased
the occurrence of thyroid cancer in the exposure counties
compared with comparison counties matched on proxim-
ity and socio-economic and demographic characteristics.

Studies of radiation-induced thyroid cancer
Because 131I was the primary radionuclide released

from Hanford, a discussion of radiation-induced thyroid
cancer is presented. It should be noted that 131I (and not
a mixture of radioiodines) was released, and the low dose
rate associated with the 8-d half life of 131I might be
expected to result in a lower risk of thyroid cancer than
acute exposures to penetrating x rays or gamma rays or to
the shorter-lived radioiodines (132I, 133I, and 135I) (IARC
2001; NCRP 1985).

More is known about radiation as a carcinogen, and
radiation-induced thyroid cancers in particular, than vir-
tually any other human carcinogen (Hall and Holm
1998). There are over 20 well-designed epidemiologic
studies with individual estimates of radiation dose to the
thyroid gland (Ron et al. 1995; Shore 1996; Hall and
Holm 1998; Boice 1998, 2005, 2006b; UNSCEAR 2000;
Damber et al. 2002; Dickman et al. 2003). They include
studies of atomic bomb survivors, persons exposed to
radioactive fallout, radiologists and nuclear workers;
newborn infants exposed to radiotherapy for enlarged
thymus glands or hemangiomas; children treated for
ringworm of the scalp, enlarged tonsils, and cancer;
young adults given radiotherapy for Hodgkin’s disease;

women treated for cervical cancer; patients given bone
marrow transplants; and patients administered radioac-
tive 131I to diagnosis or treat thyroid disease.

A notable feature of studies of radiation-induced
thyroid cancer is the effect of age at exposure on future
risk (Hempelmann 1968). The younger a person is at the
time of exposure, the higher the future risk of developing
thyroid cancer. Except at high therapeutic doses, expo-
sures over the age of 20 y have not been found to
significantly increase the risk of thyroid cancer. The best
estimate of risk following acute exposure in childhood to
x rays or gamma rays comes from a pooled analysis of
several cohort studies by Ron et al. (1995): the excess
relative risk (ERR) per Gy � 7.7, i.e., the RR at 1 Gy or
100 rad is estimated to be 8.7 following exposures in
childhood. The risks of thyroid cancer following expo-
sure to 131I are less understood (NCRP 1985; UNSCEAR
2000; IARC 2001).

Studies of populations living in areas of high natural
background radiation do not indicate an increase in
thyroid neoplasms or changes in serum levels of thyroid
hormones with lifetime exposure to gamma rays of the
order of 0.14 Gy (Wang et al. 1990; Upton 1990).
Clinical examinations of a thousand women living in
high natural background areas compared to a thousand
women living in low background areas indicated a
difference in chromosomal abnormalities in circulating
lymphocytes, but no difference in thyroid nodules or
elevated levels of thyroid antibodies. The background
radiation exposed the thyroid gland at a very low rate.
131I, because of its 8-d half life, also releases its energy in
the thyroid gland slowly and over a period of about a
month or two after a single intake. The releases of 131I
from Hanford occurred over a period of years such that
the overall rate of exposure was very low.

The Chernobyl power plant accident in 1986 ex-
posed large numbers of the populations of Ukraine,
Belarus, and the Russian Federation to radioactive fallout
(UNSCEAR 2000). Of particular concern is the exposure
to radioactive iodines. Large excesses of thyroid cancer
have been reported (Jacob et al. 1999; UNSCEAR 2000),
but only a few analytic studies have been reported to date
(Astakhova et al. 1998; Davis et al. 2004b; Cardis et al.
2005). Additional analytic studies are anticipated in the
near future (Stezhko et al. 2004; Likhtarov et al. 2005).
There are major difficulties in interpreting these studies
due to the introduction of extensive screening activity
shortly after the Chernobyl accident, the use of potassium
iodine after the accident, the influence of shorter-lived
radioiodines, and the affect of diets deficient in stable
iodine (UNSCEAR 2000; IARC 2001; Moysich et al.
2002).
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A substantial portion of the thyroid dose to some
(Jacob et al. 1999; Balonov et al. 2003), but not all
(Gavrilin et al. 2004) populations living near the Cher-
nobyl reactor site was from short-lived radioiodines,
similar in some respects to the Marshallese Islanders
exposed to heavy nuclear fallout in 1954 (Conard 1984).
Even the study in Gomel with apparently low mean
exposure to shorter-lived radionuclides (Gavrilin et al.
2004) had found that the association between thyroid
cancer and radiation was only in those areas near
Chernobyl where the exposure to short-lived radioio-
dines was highest (Astakhova et al. 1998). The low dose
rate associated with 131I decay (i.e., it will take several
months for 131I to decay completely after ingestion or
inhalation) and the inhomogeneous distribution of dose
in the thyroid gland would be expected to carry a lower
risk of thyroid disease than that from the shorter-lived
radioiodines (132I, 133I, and 135I), which deposit their
energy at a higher rate (half lives from 2 to 20 hours) and
more uniformly irradiate the thyroid gland, similar to
external x rays (Saenger et al. 1963; Conard 1984; NCRP
1985; IARC 2000; Gilbert et al. 2002).

Another uncertainty in the Chernobyl studies of
thyroid cancer is the influence of diets deficient in iodine
(UNSCEAR 2000; Shakhtarin et al. 2003). “Iodine as a
constituent of thyroxine, the hormone of the thyroid
gland, is often deficient in inland areas, where geological
factors and the absence of seafood produce a diet low in
iodine. The potential increase of thyroid dose per unit
uptake in humans with iodine-deficient diets is a major
concern in radiation protection. It is still not known
whether the higher stimulation of the gland in iodine
deficiency by endogenous hormones will also alter the
radiosensitivity of the stem cells and the risk coefficient
for thyroid carcinoma . . . Initial measurements of iodine
in urine from Belarus indicated that areas most heavily
affected by iodine deposition are also deficient in a
dietary supply of iodine and are endemic goiter areas”
(UNSCEAR 2000). Recently, a study of 276 children
with confirmed thyroid cancer in Belarus and Russia
evaluated iodine deficiency as a cofactor modifying the
effect of radiation from Chernobyl (Cardis et al. 2005).
Not only was the radiation risk 3 times higher in the
iodine-deficient areas, but there was no significant risk
seen among children residing in areas of higher iodine
soil content who subsequently took potassium iodide
supplements. These results would caution against gener-
alizing the Chernobyl findings to other exposed popula-
tions of children whose diets are not deficient in iodine
(Boice 2005).

The authors of an earlier analytic study (Astakhova
et al. 1998) were also concerned that the use of potassium
iodine (KI) to block the uptake of radioiodines after the

accident may have accounted for some of the inconsis-
tencies in their findings, and these concerns were con-
firmed by the authors of a recent study (Cardis et al.
2005). Cardis et al. (2005) concluded that dietary sup-
plements containing KI substantially reduced the risk of
radiation-induced thyroid cancer, even if taken many
months or years after the exposure occurred when block-
age of 131I was no longer possible since 131I had already
decayed. The explanation for this reduction in risk
following long-term KI administration is unclear. Con-
ceivably, the continued administration of KI in areas of
endemic goiter might restore normal levels of iodine to
the diet and reduce stimulation of the thyroid gland by
thyroid stimulating hormone (TSH). Reducing the pro-
moting activity of TSH might retard the development of
any precancerous lesions associated with prior radioio-
dine exposure. Animal studies provide some support for
this possibility in that the frequency of thyroid tumors is
reduced following radioactive iodine administration if
thyroid stimulation is decreased (Lindsay et al. 1966;
Williams et al. 1993).

Excess thyroid cancers have occurred in populations
exposed to a mixture of radioiodines, including 131I and
the shorter-lived isotopes (132I, 133I, and 135I), but to date
it has not been possible to identify a component of risk
due to 131I alone (UNSCEAR 2000; IARC 2000, 2001).
Studies of patients administered 131I for diagnostic pur-
poses, however, have not shown an increase in thyroid
cancer, after excluding persons given 131I because of a
suspicion of a thyroid tumor. Studies that focused on 131I
exposures in childhood also have failed to find an
increase. Studies of patients administered 131I for thera-
peutic purposes are inconsistent, and the small number of
reported excess thyroid cancers appear related to an
association with the underlying thyroid disease being
treated or appear to have been already present.

A study of over 24,000 Swedish patients examined
for reasons other than a suspicion of a thyroid tumor
failed to link the incidence of any cancer with diagnostic
doses of 131I (Holm et al. 1988, 1989; Hall et al. 1996;
Dickman et al. 2003). The study provided essentially
complete follow up for cancer incidence using the
exceptionally high quality national cancer registration
system in Sweden. The average follow up was 27 y
(maximum 47 y). The amount of 131I administered was
accurately known for all subjects, and the estimated dose
to the thyroid on average was 0.94 Gy (94 rad). A
substantial excess of thyroid cancer was anticipated, but
no increase was seen: 36 thyroid cancers were observed
and 39.5 were expected (RR 0.91; 95% CI 0.64–1.26).
The absence of an effect was attributed by the authors in
part to a lower carcinogenic effect from internal 131I
exposure compared to external x rays or gamma rays,
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perhaps related to the protracted nature of the exposure
(half life � 8 d) or to the distribution of dose within the
gland from 131I. However, because age at exposure
significantly modifies the effectiveness of radiation to
cause thyroid cancer (Thompson et al. 1994; Ron et al.
1995), the investigators conducted an evaluation of the
children and adolescents. This evaluation of 2,367 Swed-
ish subjects under age 20 y when administered 131I also
failed to reveal an increase in thyroid cancer: 3 thyroid
cancers occurred and 3 were expected (RR 1.01; 95% CI
0.2–2.9) (Dickman et al. 2003).

These Swedish data on childhood exposures are also
consistent with two other series of children administered
radioactive 131I for diagnostic purposes (Hamilton et al.
1989; Hahn et al. 2001). A study in Germany evaluated
789 children exposed under the age of 18 to 131I for
diagnostic reasons and 1,118 subjects not exposed to 131I
as children and did not detect an increased risk of thyroid
cancer based on clinical examination some 20 and more
years after exposure (Hahn et al. 2001). The median
radiation dose to the thyroid for the exposed subjects was
1 Gy (100 rad), and the median age at first exposure was
14.9 y. Two thyroid cancers occurred among the exposed
subjects and three among the non-exposed, resulting in
an RR of 0.86 (95% CI 0.14–5.13). In a U.S. study based
on questionnaire responses, Hamilton et al. (1989) stud-
ied the incidence of thyroid cancer in 3,503 children who
underwent thyroid examinations with 131I between 1947
and 1967 in 21 clinical centers (Chiacchierini 1990). The
mean thyroid dose was approximately 0.8–1.0 Gy (80–
100 rad), the mean follow-up was 27 y, and the median
age at 131I administration was 11 y. There were 2,910
study subjects 10 y of age or younger at the time of 131I
administration, and 1,107 were 5 y of age or younger.
Four thyroid cancers were observed 5 y or more after
exposure and 3.7 were expected based on expectation in
the general population (RR 1.08; 95% CI 0.3–2.8). One
thyroid cancer reported two years after 131I administration
of unknown quantity was excluded. The small number of
cancers occurring in the non-exposed groups, only one,
precluded their use as a meaningful comparison.

The three studies of children administered relatively
high doses of 131I for diagnostic purposes (Table 6), taken

together (RR 1.0 at 1 Gy; 95% CI 0.4, 2.0), are not
consistent with the predicted RR of 8.7 at 1 Gy (100 rad)
that would have been expected based on studies of
childhood exposure to acute x rays or gamma rays of
comparable doses of about 1 Gy (Ron et al. 1995). The
predicted RR from acute exposures for children aged
10–19 y would have been about 4.0 at 1 Gy (100 rad)
(Thompson et al. 1994), which is still inconsistent with
the combined data (Table 6). These studies provide
additional evidence that the risk of thyroid cancer fol-
lowing 131I exposure in childhood is likely much lower
than seen following acute exposures to x rays or gamma
rays.

A fourth study of children exposed to 131I alone
without contamination with other shorter-lived radioac-
tive iodines involved clinical and laboratory studies of
persons potentially exposed to 131I from the Hanford site
while living in Washington State (Davis et al. 2002,
2004a; Kopecky et al. 2004). The exposure to 131I
occurred between 1944 and 1957 and was due to releases
from the Hanford site (Napier 2002). Births occurring in
1940–1946 within the four counties (Franklin, Adams,
Benton, Walla Walla—the same counties we studied) in
Washington with the highest estimated exposure to 131I
(Napier 2002) and births within three minimally exposed
counties (Okanogan, Stevens, Ferry) were selected for
study. About 5,200 births were identified and 3,440
subjects participated in a clinical examination and labo-
ratory blood study during the years 1992–1997, or some
40 or more years after exposure. A comprehensive
dosimetry program estimated the thyroid doses (0.17 Gy
mean; maximum �1 Gy). Consistent with the three
diagnostic 131I studies of children above, thyroid cancer
(n � 19) was not significantly increased based on a
dose-response analysis (Davis et al. 2002, 2004a). Nei-
ther was there evidence for a statistically significant
increase in any of 17 measures of thyroid disease,
including all thyroid neoplasms (n � 33), thyroid benign
nodules (n � 249), hypothyroidism (n � 267), autoim-
mune thyroiditis (n � 625), or any ultrasound-detected
thyroid abnormality (n � 1,546). Monte Carlo simula-
tions indicated that the Hanford Thyroid Disease Study
(HTDS) had substantial statistical power, even to detect

Table 6. Studies of children administered diagnostic doses of 131I.

Study
No. exposed

to 131I
Observed

cases
Expected

cases
Mean dose

(Gy)
Excess RR per
Gy (95% CI)

Sweden (Dickman et al. 2003) 2,367 3 2.97 0.94 0.01 (�0.8, 1.9)
Germany (Hahn et al. 2001) 789 2 2.32 1.00 �0.14 (�0.9, 4.1)
U.S. (Hamilton et al. 1989) 3,503 4a 3.7 0.83b 0.08 (�0.7, 1.8)
Combined 6,659 9 8.99 0.89 0.00 (�0.6, 1.0)

a One thyroid cancer reported 2 y after 131I administration of unknown quantity was excluded. If this case were included in the combined
analysis the ERR per Gy would be 0.11 (95% confidence interval �0.5, 1.6).
b Approximate mean dose computed from Table 19 of Hamilton et al. (1989).
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relative risks of the order of 1.05 to 2.14 at thyroid mean
dose levels of 0.17 Gy (Kopecky et al. 2004).

While it is virtually impossible to prove the nega-
tive, that is, that 131I is not a cause of thyroid disease, the
HTDS study provides little evidence that living near the
Hanford site during the years of 131I exposure affected the
occurrence of thyroid disease in the most susceptible
group, i.e., persons who as newborns or as children were
potentially exposed to 131I. The excess RR at 1 Gy for the
HTDS was estimated by the authors to be a non-
significant 0.7 (Davis et al. 2004a). At face value, this
would suggest that the biological effectiveness of 131I to
cause thyroid cancer is a factor of 11 lower than x rays or
gamma rays for which the excess RR at 1 Gy is estimated
to be 7.7 for childhood exposures (Ron et al. 1995). Our
thyroid cancer mortality results over the years 1950–
2000 are consistent with the conclusions of the HTDS
study that exposures to 131I did not affect the occurrence
of thyroid disease later in life (Davis et al. 2004b).

Strengths and limitations
Our county mortality study covered a long time

frame, over 50 y, which enabled detailed analyses of
several specific cancers. Comparisons of cancer rates just
after, during, and many years after the releases of 131I
from the Hanford site could be made. Further compari-
sons with demographically similar counties in the state of
Washington and with the entire United States were
possible. The numbers of total cancer deaths between
1950–2000, over 14,000 and 28,000 in exposed and
comparison counties, respectively, was such that any
differences could be identified, if they were present. The
methodology used was the same as that employed by the
National Cancer Institute in a similar, but larger-scale
investigation of mortality in counties throughout the
United States with nuclear facilities, including electrical
utilities, uranium processing plants, and weapons pro-
duction laboratories (Jablon et al. 1990, 1991). Similar to
our findings, the National Cancer Institute concluded that
increased cancer risks were not associated with living in
counties with nuclear facilities and associated radiation
activities.

The cancer data reported herein resulted from rou-
tinely collected mortality statistics, and were not from an
experimental study where individuals would be ran-
domly assigned exposures and followed forward in time.
Information on radiation exposures was not known for
individuals countywide, although estimates for many
individuals in exposed counties indicate that the mean
thyroid dose was of the order of 0.17 Gy (17 rad) (Davis
et al. 2002, 2004a). Although counties were matched
using available data concerning racial composition,
urban-rural mix, income, and other factors, it is not

possible to choose comparison counties that are exactly
the same as the study counties. Counties, for example,
can vary with respect to industries, occupations, and
lifestyle. The difference in lung cancer rates, for exam-
ple, might indicate a difference in smoking habits be-
tween study and comparison counties. Cancer deaths in
each county were also compared with the numbers
expected on the basis of concurrent U.S. mortality rates.
The absence of any unusual or significant trends in
cancer rates over time within the study counties indi-
rectly addresses the possibility of differences arising
solely from inadequate comparison populations.

This study relied on mortality data. Although the
accuracy of the cause of death information on death
certificates is variable, this inaccuracy is less for cancer
than other causes even during the early years of this study
(Percy et al. 1981). Further, the quality of death certifi-
cate information would be expected to be similar for the
study counties and the neighboring comparison counties.
Mortality nearly equals incidence for many cancers that
have high fatality rates, such as cancers of the lung,
stomach, bone, connective tissue, liver, and adult leuke-
mia. Mortality data, however, are not optimal for moni-
toring such cancers as those of the thyroid or childhood
leukemia, for which improved therapy has markedly
lowered death rates in recent years while not affecting
incidence. The numbers of deaths due to thyroid cancer
(n � 33 and 76) and childhood leukemia (n � 71 and
103) in the study and comparison counties, respectively,
however, were large enough overall to be informative.
Because mortality and incidence rates are highly corre-
lated, the good survival associated with thyroid cancer
and childhood cancer will reduce statistical power for
evaluating effects, but is not necessarily a methodologi-
cal deficiency if numbers of deaths are sufficiently large.
The upper 95% confidence limits indicate that relative
risks higher than 1.26 and 1.43 for thyroid cancer and
childhood leukemia, respectively, could be excluded
with high confidence.

The risk of radiation-induced thyroid cancer, how-
ever, is also related to the age at which exposure occurs,
and the current study includes many adults for whom the
risk would be expected to be much lower than for
children. A birth cohort analysis was conducted focusing
on childhood exposures, and no increase in thyroid
cancer was found. Persons with the potential for child-
hood exposure to 131I would have been born between
1925 and 1957 and thus under the age of 20 y sometime
during the period 1944–1957 when 131I was released. For
these persons with the potential for childhood exposure
to 131I, there was no indication of an increased risk of
thyroid cancer based on 14 subsequent deaths (RR 0.99;
95% CI 0.51–1.90). These mortality data on thyroid
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cancer are consistent with the comprehensive study of
thyroid cancer prevalence and other thyroid conditions
recently reported among children living near Hanford
during the time of 131I releases (Davis et al. 2002, 2004a).

Mortality rates have changed over time for a number
of reasons including improvements in treatment and
changes in lifestyle. Mortality rates for childhood leuke-
mia have decreased in the entire United States during the
study time period, whereas mortality rates for lung
cancer have increased up until about 1990 when a
downturn began (Jemal et al. 2005). Our study compares
mortality rates in the exposed counties with those in
nearby comparison counties by calendar periods to ac-
count for such changes over time to the extent possible.

Because some individuals in study counties lived at
some distance from the Hanford site, local effects would
be difficult to detect using county death rates if there
were any appreciable dilution of exposure by distance.
However, the 131I releases from the Hanford site have
been extensively evaluated, and wind patterns, which
were taken into account in the selection of the study
counties, indicate the potential for most county residents
to be exposed. Further, the main contribution to thyroid
dose was not from inhalation but from the consumption
of milk containing 131I which was not restricted to
proximity to the Hanford site (Farris et al. 1996).

This was an “ecological” survey in which the
exposures, if any, of individuals are not known. Persons
who lived in particular counties at the time of death may
not have been long-term residents. Some residents will
have moved elsewhere and died in another part of the
country. Although there have been population changes
within the study and comparison counties over the years,
growth has been comparable as suggested by the decen-
nial census data.

Despite the limitations inherent in a geographic
correlation study of cancer mortality in the counties
exposed to 131I from the Hanford releases, similar meth-
ods used have been applied effectively in the past to
identify environmental carcinogens when exposures
were high and long-term. For example, based on findings
from the “cancer maps” constructed from county mortal-
ity statistics by the National Cancer Institute (Devesa et
al. 1999a and b), counties with shipyard industries were
found to have elevated lung cancer death rates, particu-
larly among men. Subsequent case-control studies in the
high-risk areas linked the excess lung cancer deaths to
occupational exposures to asbestos (Blot et al. 1978). It
might be noted that the NCI cancer maps, similar to our
community study, do not indicate that cancer mortality in
the exposed counties is higher than the rest of the U.S. or
that changes in cancer rates over time differ from those of
the rest of the U.S. (Devesa et al. 1999a). Further, the

initial studies around Chernobyl linking radioiodine ex-
posure to thyroid cancer were all ecological (Jacob et al.
1999) and it is only recently that analytical studies with
individual dose estimates have confirmed the earlier
conclusions (Astakhova et al. 1998; Davis et al. 2004b;
Cardis et al. 2005).

CONCLUSION

This study, then, provides no evidence that persons
living near the Hanford site were at increased risk of
cancer, and thyroid cancer in particular, because of their
residential history and potential exposure to 131I or other
radioactive elements released from the Hanford facility
during the years of operation. These data are also
consistent with an earlier study conducted by the Na-
tional Cancer Institute that did not show increased cancer
rates among persons residing near the Hanford reserva-
tion (Jablon et al. 1990). Although limited by the
ecologic design, the findings with regard to thyroid
cancer are also consistent with the Hanford Thyroid
Disease Study that did not find an association between
thyroid cancer and estimated radiation doses to the
thyroid gland of infants and children exposed to 131I
(Davis et al. 2004a).
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